We investigated the preclinical characteristics of the neuroprotective effect of the prostaglandin E2 type 1 receptor (EP1) antagonist SC51089 in models of focal cerebral ischemia produced by occlusion of the mouse middle cerebral artery (MCA). We found that systemic administration of SC51089 (5 to 20 lg/kg; i.p.) reduces the brain injury produced by transient (À50%±8%; n = 12; P < 0.05) or permanent (À39% ± 7%; n = 12; P < 0.05) MCA occlusion. SC51089 was effective even when administered up to 12 h after ischemia. The protective effect was observed both in male and female mice and was sustained for at least 2 weeks after induction of ischemia. The reduction in injury volume was associated with an improvement in neurological function assessed by the Bederson deficit score, the hanging wire test and the corner test. The data provide proof of principle that EP1 receptor inhibition is a potentially valuable strategy for neuroprotection that deserves further preclinical investigation for therapeutic application in human stroke.
Introduction
Stroke remains a major cause of death and disability for which therapeutic options are extremely limited (Khaja and Grotta, 2007) . Although treatment with tissue plasminogen activator has been shown to be beneficial in human ischemic stroke, this agent needs to be administered within 3 h after onset to be maximally effective (Hacke et al, 2004; NINDS 1995) . Considering that only a small fraction of stroke patients reaches medical attention so early after the ischemic event, the number of patients that can benefit from tissue plasminogen activator is relatively small (Reeves et al, 2006) . Furthermore, risk of hemorrhagic complications and exclusion criteria further reduce the number of patients that can be treated with tissue plasminogen activator (Barber et al, 2001; Heuschmann et al, 2003) Therefore, it would be desirable to develop stroke treatments with a wider therapeutic window that could be used alone or in combination with tissue plasminogen activator and other treatments modalities.
Arachidonic acid metabolites, prostanoids in particular, have long been implicated in the mechanisms of ischemic brain injury (Minghetti, 2007) . Prostanoids are produced by cyclooxygenase (COX) enzymes of which three isoforms have been identified: COX-1, COX-2, and COX-3 (Simmons et al, 2004) . Recent studies have showed that prostanoids derived from COX-2 are involved in the mechanisms of ischemic and excitotoxic brain damage (Minghetti, 2007) . In particular, prostaglandin E2 has emerged as a key downstream effector of COX-2 neurotoxicity (Carlson, 2003; Kawano et al, 2006) . Prostaglandin E2 acts on four receptors: EP1, EP2, EP3, and EP4 (Hata and Breyer, 2004) . There is accumulating evidence that the EP1 subtype of prostaglandin E2 receptors is involved in the deleterious effects of prostaglandin E2 in the setting of cerebral ischemia (Ahmad et al, 2006; Kawano et al, 2006) . Thus, administration of EP1 receptor antagonists have been found to reduce ischemic and excitotoxic brain injury (Ahmad et al, 2006; Kawano et al, 2006; Zhou et al, 2008) . Similarly, EP1 receptor null mice are relatively protected from the effects of focal cerebral ischemia and excitotoxicity (Kawano et al, 2006) . Therefore, EP1 receptor antagonists could be valuable in the treatment of cerebral ischemia.
However, the characteristics of the neuroprotective effect of EP1 receptor inhibition have not been defined. Many drugs which reduce ischemic injury in animals have been found not to be beneficial in clinical trials (O'Collins et al, 2006) . These therapeutic failures have been attributed to a variety of factors, including inadequate preclinical testing of the drugs (Dirnagl, 2006; Drummond et al, 2000; Sena et al, 2007; STAIR, 1999) . For example, despite the fact that a substantial number of stroke patients are women, most neuroprotective strategies are not effective in the female sex (Hurn et al, 2005) . Some neuroprotective agent are not beneficial when their administration is delayed by several hours, a time interval after which most stroke patients reach medical attention (Gladstone et al, 2002; Reeves et al, 2006) . Furthermore, some treatments are effective in transient focal ischemia, but not in the more severe injury produced by permanent ischemia (Beaulieu et al, 1998) . In some cases, neuroprotective agents do not prevent brain damage, but only delay its development (Corbett and Nurse, 1998; Dietrich et al, 1993; Drummond et al, 2000; Gladstone et al, 2002; Valtysson et al, 1994) . Therefore, to establish the translational value of EP1 receptor inhibition additional information about the protective effect is needed.
In this study, we sought to better define the preclinical characteristics of the neuroprotection afforded by the EP1 receptor antagonist SC51089, a drug that has been shown to reduce ischemic injury both in vivo and in vitro (Kawano et al, 2006; Zhou et al, 2008) . In particular, we examined the dose response and therapeutic window of the protective effect, and we investigated whether the protection is present in permanent ischemia, is long lasting, and it also occurs in female mice. The findings suggest that EP1 receptor inhibition could be valuable in the treatment of cerebral ischemia.
Materials and methods
All procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College. Experiments were performed in 2-to 3-month-old male and female C57BL/6 mice (weight 20 to 22 g; The Jackson Laboratory; Bar Harbor, ME, USA).
Middle Cerebral Artery Occlusion
Procedures for transient middle cerebral artery (MCA) occlusion were identical to those previously described and are only summarized (Cho et al, 2005; Kawano et al, 2006; Kunz et al, 2007) . Mice were anesthetized with a mixture of isoflurane (1.5% to 2%), oxygen, and nitrogen.
A fiber optic probe was glued to the parietal bone (2 mm posterior and 5 mm lateral to bregma) and connected to a laser Doppler flowmeter (Periflux System 5010) for continuous monitoring of cerebral blood flow (CBF). A heat-blunted black monofilament surgical suture 6-0 was inserted into the exposed external carotid artery, advanced into the internal carotid artery, and wedged into the circle of Willis to obstruct the origin of MCA. The filament was left in place for 25 mins and then withdrawn. Only animals that exhibited 85% reduction in CBF during MCA occlusion and in which CBF recovered by 80% after 10 mins of reperfusion were included in the study (Cho et al, 2005; Kunz et al, 2007) . Twenty-six percent of the mice failed to meet these criteria and were not entered in the study. We have previously determined that this protocol for MCA occlusion leads to reliable infarcts of size and distribution comparable to those reported by others (Borsello et al, 2003; Plesnila et al, 2001) . For permanent MCA occlusion, the filament was inserted under CBF monitoring and left in place. In all mice, rectal temperature was kept at 37.01C±0.51C during surgery and in the recovery period until animals regained consciousness. Mice subjected to transient MCA occlusion were allowed to survive for 3 or 14 days. In experiments with permanent MCA occlusion, the survival time was shortened to 1 day because mice invariably died with massive brain swelling 1.5 to 2 days after ischemia. The overall mortality for the entire study was 8.2%. Most of the deaths occurred in vehicle-treated mice (see Supplementary Table) .
Measurement of Infarct Volume
As described in detail elsewhere (Cho et al, 2005; Kawano et al, 2006; Kunz et al, 2007) , brains were removed, frozen, and sectioned (thickness, 30 mm) in a cryostat. Brain sections were collected serially at 600 mm intervals and stained with cresyl violet. Infarct volume was determined using an image analyzer (MCID; Imaging Research Inc.). The operator was not aware of treatment type (SC51089 or vehicle) received by the mouse whose brain was being analyzed. To eliminate the contribution of postischemic edema to the volume of injury, infarct volumes were corrected for swelling according to the method of Lin et al (1993) , as previously described (Zhang and Iadecola, 1994) . In mice allowed to survive for 2 weeks, the hemisphere ipsilateral to the occluded MCA was reduced in volume compared with the contralateral one, an effect attributable to shrinkage of the ischemic lesion and atrophy of the nondamaged brain (Bouet et al, 2007; Clark et al, 1993) . In these experiments, hemispheric volume was measured, but the correction for swelling was not applied.
Administration of SC51089
SC-51089 (8-chlorodibenz11[1,4]oxazepine-10(11H)-carboxylic acid; 2-[1-oxo-3-(3-pyridinyl)propyl]hydrazide; Hallinan et al, 1996) was obtained from Biomol (Plymouth Meeting, PA, USA). Mice were randomly assigned to treatment with vehicle (ddH 2 O) or the EP1 receptor antagonist SC51089.
In dose-response studies, SC51089 was administered i.p. at concentrations ranging from 5 to 20 mg/kg, starting 5 mins after reperfusion. Thereafter SC51089 or vehicle was administered 2 times per day at the specified dose until the time of killing, 3 days after ischemia. When the effect of increasing time intervals between MCA occlusion and treatment was studies (therapeutic window), SC51089 (10 mg/kg; i.p.) was administered starting 6 or 12 and 24 h after reperfusion. The doses of SC51089 used are effective in inhibiting EP1 receptors in brain and do not alter arterial pressure, body temperature, postischemic CBF, or cerebrovascular regulation (Kawano et al, 2006) . Treatments were then administered 2 times/day until mice were killed 3 days after ischemia. To our knowledge the blood-brain barrier permeability of SC51089 has not been tested. But, the fact that systemic administration reduced N-methyl-D-aspartic acid lesions in the brain indicates that the drug penetrates the brain (Kawano et al, 2006) . The blood-brain barrier opening after stroke would also facilitate drug entry into the brain.
Assessment of Neurological Deficits
The tests described below were administered once a day in animals that were allowed to survive 2 weeks after MCA occlusion. The operator administering the tests was not aware of the treatment of the mice. In the 'hanging wire' test, animals were made to grasp with the forepaws a thin wire suspended above ground and the latency to fall was recorded (Cho et al, 2005; Hattori et al, 2000; Li et al, 2004) . The test was repeated 3 times for each animal with a 5 mins rest between trials and the falling latencies from 3 trials were averaged. Neurological deficits were also assessed using a modification of the Bederson neurological scale, as previously described (Kawano et al, 2006) . Neurological scores were 0 (normal motor function), 1 (flexion of torso and contralateral forelimb when mouse was lifted by the tail), 2 (circling to the contralateral side when mouse was held by the tail on a flat surface, but normal posture at rest), 3 (leaning to the contralateral side at rest), and 4 (no spontaneous motor activity). The corner test was used to assess sensory-motor integration (Li et al, 2004; Zhang et al, 2002) . Briefly, the mouse was placed between two cardboard pieces. The two boards were gradually moved closer to form an angle of approximately 301 enclosing the mouse from both sides. The anterior parts of the boards were not allowed to touch, such that a small opening toward the front was always present. When the mouse entered into the deep part of the corner, the facial whiskers were touched by the two boards. Then, the mouse stood up on its hindlimbs, and turned back to face the open end. Ten trials were performed for each mouse and the percentage of right turns was calculated (Zhang et al, 2002) . In healthy mice, there was a 50% chance that the mice made a right turn (Li et al, 2004; Zhang et al, 2002) .
Statistical Analysis
Data are expressed as mean±s.e.m. Sample number was determined by power analysis based on the results of a previous study (Kawano et al, 2006) . We used a power of 0.8 and a significance level of 0.05. Multiple comparisons were evaluated by the analysis of variance and Neuman-Keuls test. Differences were considered significant at P < 0.05. Neurological deficit data were evaluated by the nonparametric Mann-Whitney test.
Results

Dose-Response Characteristics of the Protective Effect of SC51089
First, we investigated the dose-response characteristics of the reduction in infarct volume induced by SC51089. SC51089 or vehicle was administered i.p. 5 mins after reperfusion and 2 times/day thereafter, until the infarct volume was assessed 3 days later. The reduction in infarct volume was observed at 5 mg/kg (À33%±7%; P < 0.05; analysis of variance and Neuman-Keuls test; n = 12) and was greatest at 10 mg/kg (À50% ± 8%; P < 0.05; n = 12; Figure 1A ). The infarct volume reduction at 20 mg/kg did not differ from that at 10 mg/kg (P > 0.05; n = 12; Figure 1A ).
Therapeutic Window
We then sought to define the time interval after ischemia at which SC51089 was still able to protect the brain (therapeutic window). A single dose of SC51089 (10 mg/kg; i.p.) or vehicle was administered 6, 12, or 24 h after reperfusion, and then 2 times/day until mice were killed 3 days after ischemia. Significant stroke volume reductions were observed when SC51089 was administered 6 h (À49% ± 8%; n = 12) or 12 h (À38% ± 10%; n = 12) after reperfusion, but not when the administration was delayed by 24 h (P > 0.05; n = 12; Figure 1B ).
SC51089 Reduces Infarct Volume also in Permanent Ischemia
In this study, SC51089 (10 mg/kg; i.p.) or vehicle was administered 6 h after permanent MCA occlusion and 2 times/day thereafter. Mice were killed 1 day after ischemia because they did not survive for 3 days due to massive cerebral edema and cerebral herniation. SC51089 reduced infarct volume also in permanent cerebral ischemia (À39%±7%; P < 0.05; n = 12; Figure 1C ).
SC51089 Reduces Infarct Volume also in Female Mice
Many neuroprotective strategies are not effective in females (Hurn et al, 2005) . Therefore, we next sought to determine whether SC51089 is also effective in reducing infarct volume in female mice. Middle cerebral artery was transiently occluded in female mice and SC51089 (10 mg/kg; i.p.) or vehicle was administered 5 mins after reperfusion and 2 times/day thereafter. Infarct volume was determined 3 days after ischemia. As in previous studies , female mice had smaller infarcts than male mice ( Figure 1D ; P < 0.05; n = 12). However, SC51089 reduced infarct volume also in female mice (À41% ± 6%; P < 0.05; n = 12; Figure 1D ).
The Protection Afforded by SC51089 is Sustained in Time and is Associated with Improved Neurological Outcome
Next, we investigated whether the protective effect of SC51089 is sustained in time. The middle cerebral artery was transiently occluded and SC51089 (10 mg/kg; i.p.) or vehicle was administered 6 h after reperfusion and 2 times/day until day 3. Mice were weighed and evaluated neurologically daily by the deficit score, the hanging wire test, and the corner test. Infarct volume and the volume of the hemispheres were measured 14 days after ischemia. Mice treated with SC51089 showed a less pronounced weight loss after induction of ischemia (P < 0.05; n = 12; Figure 2A ). In vehicle-treated mice, ischemia led to an increase in the deficit score ( Figure 2B) and reduction in the latency to fall at the hanging wire test (Figure 2C) , reflecting the neurological deficits induced by the infarct. Spontaneous improvements were noted starting on day 3 or 4 ( Figures 2B and 2C) . In mice treated with SC51089 the deficits were less severe ( Figures 2B and 2C) .
The effect of the treatment was observed at day 1 for the deficit score and at day 2 for the hanging wire test (P < 0.05; n = 12; Mann-Whitney test; Figures 2B  and 2C ). Because of the spontaneous recovery of the mice, no differences were observed between treated and untreated mice starting from day 6 for the deficit score and day 9 for the hanging wire test (P > 0.05; n = 12; Figures 2B and 2C) . Vehicle treated mice also exhibited deficits at the corner test, but they failed to show spontaneous improvement after 2 weeks ( Figure 2D ). In contrast, SC51089 treatment resulted in improved performance in the corner test that reached statistical significance starting on day 11 (P < 0.05; n = 12). By day 14, mice reached performance levels not different from intact mice (no side preference in turning; Figure 2D ). These neurological improvements in SC51089-treated mice were associated with a reduction in the volume of the infarct and less atrophy of the ipsilateral hemisphere (P < 0.05; n = 12; Figures 3A and 3B ).
Discussion
We showed that the EP1 receptor antagonist SC51089 reduces infarct volume in models of focal cerebral ischemia. The protective effect is related to the dose of SC51089, is sustained for at least 2 weeks after MCA occlusion, and is associated with an improvement of the neurological deficits resulting from the arterial occlusion. Importantly, SC51089 is effective even if the treatment was delayed up to 12 h after ischemia. Furthermore, the reduction in infarct volume is also observed in a model of permanent cerebral ischemia and is present in female mice. These observations suggest that EP1 receptor inhibition produces a sustained reduction of ischemic brain damage that is not sexually dimorphic, occurs with a wide therapeutic window and is associated with neurological improvements.
The protective effect of SC51089 cannot be attributed to alterations in body temperature, blood gases, and arterial pressure, or to effects on the regulation of the CBF resulting in a better preservation of postischemic flow, because we have previously shown that SC51089 does not affect these parameters (Kawano et al, 2006) . Thus, inhibition of EP1 receptors does not affect resting CBF, intra ischemic CBF, postischemic CBF, functional hyperemia, endothelium-dependent relaxation, and endothelium-independent relaxation (Kawano et al, 2006) . On these bases we doubt that the protective effect can be attributed to cerebrovascular factors. Anesthesia is also unlikely to play a role because SC51089 is also neuroprotective in neuronal cultures and hippocampal slices (Kawano et al, 2006; Zhou et al, 2008) . Furthermore, it is unlikely that effects of SC51089 are unrelated to EP1 receptor inhibition because we have previously shown that this antagonist is not effective in EP1-null mice (Kawano et al, 2006) . Therefore, the findings of this study cannot be attributed to alterations in physiological parameters or to nonspecific effects of SC51089. Treatment with SC51089 was associated with reduced weight loss and an improvement in neurological function. Thus, testing by the neurological score based on the Bederson scale and the hanging wire test, which are more sensitive to acute neurological deficits (Li et al, 2004; Zhang et al, 2002) , showed an improved outcome in mice treated with SC51089. Improvements in treated mice were also observed with the corner test, a test that is better suited to detect chronic improvements in neurological function, especially sensory-motor integration (Bouet et al, 2007; Li et al, 2004; Zhang et al, 2002) . Therefore, the reduction in brain lesion volume is coupled with improved neurological function both in the acute and chronic stages of ischemic brain injury.
The mechanisms of the protective effects of EP1 receptor inhibition with SC51089 have recently been investigated. In models of excitoxicity, SC51089 attenuates the Ca 2 + overload produced by exposure of neuronal cultures to N-methyl-D-aspartic acid (Kawano et al, 2006) . The effect is related by the ability of SC51089 to enhance the function of the Na + /Ca 2 + exchanger, resulting in a reduction in N-methyl-D-aspartic acid-induced intracellular Ca 2 + accumulation (Kawano et al, 2006) . The neuroprotective effect afforded by SC51089 is comparable to that observed in EP1-null mice (Kawano et al, 2006) . In a model of ischemic-hypoxic damage produced by oxygen-glucose deprivation in hippocampal slice cultures, SC51089 reduced the injury in the CA1 sector of the hippocampus (Zhou et al, 2008) . The effect was mediated by activation of protein kinase B/Akt, which phosphorylates the proapoptotic protein BAD leading to a reduction in its mitochondrial translocation and in the ensuing apoptotic cell death (Zhou et al, 2008) . Therefore, SC51089 is neuroprotective in models of cerebral ischemia both in vivo and in vitro. However, the molecular links between the effects of EP1 receptor inhibition on the Na + /Ca 2 + exchanger and on the Akt pathway remain to be defined.
The protective effect of SC51089 provides proof of principle that EP1 receptor inhibition has preclinical characteristics compatible with therapeutic use in human stroke. However, more work is needed to fully characterize the protective effect of SC51089. This study constitutes a first step in this process and many questions remain to be answered. For example, the ability of EP1 receptor inhibition to reduce ischemic injury in aged animals and in animals with stroke risk factors, such as hypertension and diabetes, remain to be established. The full therapeutic window in females needs to be determined. Furthermore, it remains to be established whether EP1 receptor inhibition is effective in species other than rodents. Although we have tested SC51089, more potent antagonists of EP1 receptors are available (Watanabe et al, 2000) and a full evaluation of their neuroprotective effect, as well as their pharmacokinetic characteristics and suitability for human use, remain to be defined. Irrespective of these open questions, our data suggest that EP1 receptor inhibition is a valuable strategy for ischemic brain injury, which is worthy of further investigation for the treatment of ischemic stroke.
In conclusion, we have showed that the EP1 receptor antagonist SC51089 is a relatively potent neuroprotective agent, effective both in transient and permanent focal cerebral ischemia. Reduction in injury volume is obtained even if the drug is administered 12 h after induction of ischemia. The protective effect is sustained for at least 2 weeks and is associated with marked improvement of neurological function in the acute and chronic phase of cerebral ischemic injury. In addition, SC51089 is equally effective in male and female mice, indicating that unlike many other neuroprotective strategies, the reduction in injury is not sexually dimorphic. The data provide preclinical evidence that EP1 receptor inhibition is a valuable strategy for the treatment of cerebral ischemia that deserve further exploration for its applicability to human stroke.
